, have been described as nocturnal. We report here that increased nighttime activity of Clk mutants is mediated by high levels of the circadian photoreceptor CRYPTOCHROME (CRY) in large ventral lateral neurons (l-LN v s). We found that CRY expression is also required for nighttime activity in mutants that have high dopamine signaling. In fact, dopamine signaling is elevated in Clk Jrk mutants and acts through CRY to promote the nocturnal activity of this mutant. Notably, dopamine and CRY are required for acute arousal upon sensory stimulation. Because dopamine signaling and CRY levels are typically high at night, this may explain why a chronic increase in levels of these molecules produces sustained nighttime activity. We propose that CRY has a distinct role in acute responses to sensory stimuli: (1) circadian responses to light, as previously reported, and (2) noncircadian effects on arousal, as shown here.
[Keywords: cryptochrome; arousal; clock genes; dopamine; nocturnal/diurnal behavior] Supplemental material is available for this article.
Received December 26, 2011; revised version accepted April 20, 2012. Animals adapt to day:night cycles by selecting preferred times of sleep and wake. These preferred times, commonly referred to as temporal niches, optimize survival, most likely by permitting the best utilization of food resources or limiting exposure to predators. Contrary to popular belief, these temporal niches are not determined by the central circadian clock (Redlin and Mrosovsky 1999; Smale et al. 2003) , although timekeeping by the clock helps the animal abide by its preferred niche. Nocturnal and diurnal mammals have the same clock mechanism in the central clock, the suprachiasmatic nucleus (SCN). In fact, the phase of cyclic clock gene expression is the same in the SCN in both types of animals (Smale et al. 2003) .
Besides being a strong entraining cue for circadian rhythms, light promotes the activity of diurnal animals and suppresses the activity of nocturnal animals. In Drosophila, light-driven arousal involves a specific group of circadian neurons, called the large ventral lateral neurons (l-LN v s) (Shang et al. 2008; Sheeba et al. 2008) , which express canonical clock proteins but do not have a role in free-running circadian rhythms (rhythms in the absence of environmental cycles) (Nitabach and Taghert 2008) . Consistent with light-driven activity being independent of circadian rhythms, loss of a functional circadian clock per se does not affect such activity. The Drosophila molecular clock consists of a transcriptionaltranslational feedback loop in which the CLOCK (CLK) and CYCLE (CYC) proteins activate transcription of the period (per) and timeless (tim) genes, and the PER and TIM proteins negatively regulate CLK-CYC activity (Zheng and Sehgal 2008) . Mutants that lack the per or tim genes show loss of free-running rhythms under constant dark (DD) conditions but are still rhythmic and diurnal in the presence of light:dark (LD) cycles (Wheeler et al. 1993; Lacroix et al. 2004) . Likewise, nocturnal mammals, such as hamsters, remain nocturnal in LD cycles even when they completely lack the central clock (Redlin and Mrosovsky 1999) . However, Clk Jrk flies, which are mutant for the Clk gene, display nocturnal behavior (Kim et al. 2002; Lu et al. 2008) , suggesting that Clk has a noncircadian role in determining the Drosophila diurnal pattern. Interestingly, Clk and cyc mutants also show clock-independent reductions in total sleep time, suggesting that they regulate arousal (Hendricks et al. 2003) . However, the mechanisms underlying the switch to nocturnal behavior are not known, nor is it known whether the arousal phenotype is related to the nocturnal behavior.
We sought to address the molecular and neural basis of the nocturnal behavior of Clk Jrk flies. We report here that levels of the circadian photoreceptor CRYPTOCHROME (CRY) are elevated in Clk mutants and act in l-LN v s to drive nighttime activity. CRY is also required for increased night activity of mutants that have increased dopamine signaling. Based on these findings, we investigated dopamine signaling in Clk mutants and found that it is significantly high and is responsible for the nocturnal behavior and, most likely, also for the increased arousal. Finally, we report that the night activity-promoting effect of dopamine and CRY reflects a normal role of these molecules in mediating acute responses of the animal to sensory stimuli.
Results

Nocturnal activity of Clk
Jrk mutants is mediated by elevated CRY
The original Clk
Jrk mutants display nocturnal behavior in the presence of LD cycles (Kim et al. 2002; Lu et al. 2008) . They were also shown to express high levels of the circadian photoreceptor CRY . Since neither of these phenotypes is observed in other circadian clock mutants (Wheeler et al. 1993 ; data not shown), and the nocturnal behavior reflects an aberrant response to photic stimuli, we asked whether the two effects are related. We first confirmed these phenotypes of Clk Jrk by outcrossing the mutant allele for seven generations into an isogenic wild-type background (Iso31) used specifically for behavioral experiments (Koh et al. 2008) . As shown in Figure 1A , CRY levels are substantially higher in Clk Jrk flies during the dark phase (Fig. 1A , zeitgeber time 14 [ZT14] and ZT20) of the LD cycle, although they are still cyclic, indicating that CRY is still degraded by light (Lin et al. 2001) . Also, the outcrossed Clk Jrk flies still display nocturnal behavior (Fig. 1B) . cyc 01 mutants also show higher nighttime activity in LD cycles (Supplemental Fig. 1A ).
To determine whether the high levels of CRY account for the noncircadian phenotype (i.e., the high nighttime activity) of Clk Jrk mutants, we generated double mutants of Clk Jrk and cry b . Upon testing the Clk Jrk ,cry b double mutants, we found that nighttime activity was significantly reduced as compared with that in Clk Jrk mutants ( Fig. 1B; Supplemental Fig. 1B) . To obtain a more quantitative measure of the temporal preference of these animals, we calculated a diurnal/nocturnal index (see the legend for Fig. 1 ), which indicated nocturnal behavior of Clk Jrk flies but lack of a time-of-day preference in Clk Jrk ,cry b mutants. The cry b mutation is a point mutation in the flavin-binding region of CRY. It eliminates photosensitivity of CRY and also greatly reduces levels of the protein (Stanewsky et al. 1998) ; however, it is not a null mutation. To test the effects of a cry-null mutation, we recombined a cry 02 allele with Clk Jrk and assayed the behavior of the resulting double mutants. The nocturnal phenotype of Clk Jrk flies was completely suppressed by cry 02 , such that the double mutants displayed strong diurnal behavior similar to that of wildtype Iso31 controls and cry 02 flies (Fig. 1B) . To determine whether the suppression of nocturnal behavior was due to a decrease in nighttime activity or an increase in daytime activity, we measured activity levels in single and double mutants and found that the cry mutations reduced nighttime activity (Supplemental Fig. 1B) . The cry 02 mutation also reduced daytime activity, although less so than nighttime, but in neither case did the suppression of nocturnal behavior result from increased daytime activity. These data indicate that the high nighttime activity of Clk Jrk flies is due to higher CRY levels.
High levels of CRY in l-LN v s contribute to the nocturnal activity phenotype of Clk Jrk flies
To determine where in the fly brain CRY is required in Clk Jrk flies to promote nocturnal activity, we reintroduced This was calculated as (total activity during the day) À (total activity during the night)/(total activity), averaged over a 3-d period per fly. Preference for activity during the day is represented as positive values, and preference for activity during the night is shown as negative values for each genotype. Asterisks above bars denote significant differences between genotypes. (*) P < 0.05; (**) P < 0.01. Error bars depict SEM and indicate variability across flies of a specific genotype. The significance level is shown for pairwise comparisons as indicated.
CRY into Clk
Jrk ,cry b and Clk Jrk ,cry 02 double mutants. The idea was to determine whether nocturnal activity could be restored by overexpression of CRY in specific cells. UAS-CRY and different GAL4 transgenes were crossed into each of the double-mutant backgrounds, and flies were tested for behavior under LD conditions ( Fig. 2A,B ; Supplemental Fig. 2A,B) . Similar results were obtained with both mutant backgrounds, although there were small differences in the magnitude of the effect. One of the most effective drivers in increasing nocturnal behavior of Clk Jrk ,cry double-mutant flies was per 1b -GAL4, which is selectively expressed in a subset of clock neurons: the l-LN v s and some dorsal neurons (all DN1s and a few DN2 and DN3 clock neurons) (Kaneko and Hall 2000) . Increased nighttime activity with this driver is evident from the histogram shown in Figure 2 , A and B, and is also indicated by the diurnal-nocturnal index ( Fig.  2A,B) . The gmr-GAL4 driver expressing CRY in all photoreceptor cells did not restore the Clk Jrk LD nocturnal phenotype. On the other hand, CRY expression driven by tim27-GAL4, which expresses in all clock cells, resulted in a nocturnal preference. Expression of CRY by Pdf-GAL4, which is expressed in only the small LN v s (s-LN v s) and l-LN v s, also resulted in a small shift from daytime to nighttime activity, but less so than with per 1b and tim27, perhaps because it is a weaker driver. To further delineate the relevant neurons, we used the c929-GAL4 driver. c929-GAL4 is expressed in all peptidergic neurons, including the l-LN v s, and the latter happen to be the only clock cells labeled by this driver (Taghert et al. 2001) . We found that expression of CRY by c929 in the double-mutant background also increased the nocturnal preference of Clk Jrk ,cry b and, even more so, Clk Jrk ,cry 02 flies ( Fig. 2B ; Supplemental Fig. 2A,B) . Given that the only area of overlap between all of these different drivers is the l-LN v s, we surmise that CRY expression in these cells is necessary to drive the nocturnal phenotype of Clk mutants. As noted above, the l-LN v s typically promote arousal in response to light, so it is not surprising that the CRY-mediated switch to nocturnal activity also occurs in these cells.
To test whether CRY overexpression is sufficient to produce nocturnal behavior, we overexpressed CRY in a wild-type background using various clock neuron drivers (Pdf, c929, per 1b , and tim27) and eye-specific gmr drivers; however, they did not affect the day:night distribution of 
activity (data not shown). Since Clk
Jrk lacks a functional circadian clock, we reasoned that high CRY might produce nocturnal behavior only in a genetic background lacking a functional circadian clock. Thus, we overexpressed CRY in a per-null (per 0 ) background. We found that the effect was a little stronger than that seen in wild type but did not result in nocturnal behavior (data not shown). These data indicate that overexpression of CRY alone is necessary but not sufficient to promote nocturnal behavior in Clk Jrk flies.
Elevated CRY levels contribute to the high nighttime activity in fumin (fmn) mutants
Interestingly, Clk Jrk flies are not the only ones that show increased nighttime activity under LD conditions. A dopamine transporter mutant, fmn, which has elevated dopamine signaling, also shows heightened nighttime activity in LD cycles. Unlike Clk Jrk flies, fmn mutants are rhythmic in DD (see Supplemental Table 1 ) but also have an increased arousal phenotype (Kume et al. 2005) . We confirmed the increased nighttime activity in fmn mutants (Fig. 3 ) and then asked whether this increase was also mediated by CRY. To determine whether fmn affects CRY levels, we measured CRY expression in adult heads through Western blots. The fmn flies, like Clk Jrk mutants, exhibited significantly higher levels of CRY than Iso31 controls, particularly in the dark phase of the LD cycle (Fig. 3A) . The higher levels of CRY in fmn mutants are likely due to post-transcriptional regulation, as the expression of cry mRNA is unaltered; it is expressed cyclically at levels comparable with those in wild type (Supplemental Fig. 3 ). On the other hand, Clk Jrk mutants express noncycling and peak levels of cry mRNA throughout the LD cycle. The effect on the mRNA is likely due to decreased expression of the Clk target vri, which is a repressor of cry (Cyran et al. 2003) . Thus, in Clk mutants, the effects of increased dopamine on CRY are coupled with increases in cry mRNA to produce very high levels of CRY.
To determine whether the increased nighttime activity phenotype of fmn is due to elevated levels of CRY, we created double mutants of fmn with cry b (fmn;cry b ) and cry 02 (fmn;cry 02 ), respectively. We found that nighttime activity was significantly reduced in both double mutants such that these mutants showed a diurnal preference similar to that of Iso31, cry b , or cry 02 flies (Fig. 3B) . Thus, the heightened nighttime activity phenotype of fmn mutants is mediated by CRY.
Dopamine levels are increased in Clk
Jrk mutants
Based on the effects of fmn on nighttime activity and CRY, we investigated the possibility that the Clk mutation was also promoting nighttime activity through increases in dopamine. Thus, we assayed transcript levels of ple, the Drosophila gene encoding tyrosine hydroxylase (TH), a rate-limiting enzyme important for synthesis of L-DOPA (a precursor of dopamine) from tyrosine (FriggiGrelin et al. 2003) . Specifically, we focused on the shorter ple-PA isoform, which is expressed only in the CNS (Friggi-Grelin et al. 2003) . We found that levels of ple-PA mRNA cycle robustly in wild-type Iso31 flies, with a peak in the early morning (ZT02) and a trough at ZT14 ( Fig. 4A) , but remain at peak levels throughout the LD cycle in Clk Jrk flies (Fig. 4A) . Next, we examined levels of TH in the heads of Iso31 and Clk Jrk flies through Western blots. Levels of the CNS-specific isoform of TH were significantly higher in Clk Jrk mutants than in Iso31 controls at all times of day (Fig. 4B) . The increased TH levels in Clk Jrk flies supports the idea that elevated dopamine signaling leads to the nocturnal phenotype of Jrk mutants.
To determine whether the elevated dopamine contributes to the nocturnal phenotype of Clk Jrk mutants, we first looked for genetic interactions between Clk and fmn. Flies heterozygous for fmn (fmn/+) showed a normal diurnal pattern of activity (Fig. 4C) . Since the Clk Jrk mutation has a semidominant effect on nocturnal activity (data not shown), we focused on flies heterozygous for the Clk deficiency (Clk Df ). Flies heterozygous for the Clk deficiency were diurnal (Fig. 4C) ; however, transheterozygotes carrying a single copy of fmn together with a single copy of Clk Df displayed a strong nocturnal phenotype, suggesting synergy between loss of CLK and increased dopamine signaling (Fig. 4C) . The increased TH levels and synergistic effects of Clk Df and fmn mutations on nighttime activity suggest that CLK activity normally regulates diurnal behavior through effects on the dopaminergic system.
Increased dopamine signaling acts through CRY to drive nocturnal behavior of Clk mutants
We next determined whether blocking dopamine release from TH-positive neurons could rescue the nocturnal phenotype of Clk Jrk mutants. We expressed either a modified potassium channel (UAS-Eko) or the tetanus toxin light chain (UAS-Tnt) in dopaminergic cells using the TH-GAL4 driver. Eko is a noninactivating form of the Shaker K + channel that inhibits neural activity of cells that express it (White et al. 2001) , while Tnt blocks evoked exocytosis at fast synapses (Sweeney et al. 1995) . Either transgene is expected to inhibit neurotransmission. Adult flies expressing Tnt or Eko in dopaminergic neurons in a wild-type background were viable and showed normal distribution of activity under LD conditions ( Fig. 5A; Supplemental Fig. 4) . Interestingly, when either of these two transgenes was expressed by the TH-GAL4 driver in the Clk Jrk mutant background, nocturnal behavior was significantly suppressed, although the profile of activity did not revert from nocturnal to diurnal, perhaps because dopamine release was not completely blocked ( Fig. 5A; Supplemental Fig. 4) . We also addressed the basis of the suppression by determining total activity levels during the day and night. We found that nighttime activity levels were significantly reduced in flies in which dopamine release was blocked, whereas the daytime activity levels remained largely unaffected (Supplemental Fig. 5A ).
We also tested whether administering a dopamine receptor antagonist could rescue the nocturnal phenotype of Clk Jrk flies. Haloperidol is an anti-psychotic drug that blocks dopamine receptors in humans and is also effective in insects (Blenau and Baumann 2001) . When exposed to 12.5 mM haloperidol in food, Clk Jrk mutants showed a significant suppression of nighttime activity (Fig. 5B) , whereas the same dose of drug did not alter rest:activity behavior or the diurnal/nocturnal index of Iso31 controls (Fig. 5B) . At higher doses such as 25.0 mM and 50.0 mM, the majority (;60%-80%) of Iso31 flies were dead or sick, whereas ;70%-90% of the Clk Jrk flies showed rest:activity behavior similar to those treated with 12.5 mM (data not shown). As with the genetic block of dopamine, the pharmacological block also significantly reduced nighttime activity in Clk Jrk mutants (Supplemental Fig.  5B ). On the other hand, Iso31 flies showed no significant change in their daytime or nighttime activity levels (Supplemental Fig. 5 ).
To confirm that the elevated dopamine signaling in Clk mutants contributes to the high CRY, we examined CRY levels in Clk Jrk mutants in which dopamine release was blocked by expressing UAS-Tnt in TH-positive cells. We found that CRY levels were significantly reduced during the dark phase in Clk Jrk flies under these conditions (Fig.  6A) . We conclude that loss of Clk leads to increased expression of TH and dopamine, which in turn acts through CRY in the l-LN v s to promote nocturnal activity.
As noted above, overexpression of CRY was necessary but not sufficient to produce nocturnal behavior. To determine whether elevated dopamine was sufficient to promote night activity, we overexpressed a bacterial sodium channel transgene (UAS-NachBac) in dopaminergic neurons of wild-type flies using a TH-GAL4 driver. Flies expressing NachBac in TH-positive cells showed significantly increased nighttime activity as compared with TH-GAL4 and NachBac controls (Fig. 6B) . We further tested a requirement for CRY in this phenotype by expressing NachBac in dopaminergic neurons in a cry 02 background. Loss of CRY significantly reduced the high nighttime activity of flies with increased dopamine signaling (Supplemental Fig. 6 ).
Dopamine and CRY are required for startle responses to sensory stimulation at night
Our data indicate that increased dopamine and CRY promote activity at night. Since flies typically sleep much of the night, this effect was surprising, and so we wondered whether it reflected a subtle role for these molecules in acute arousal. Although arousal thresholds are higher during sleep, survival requires that animals still respond to sudden changes in the environment. To test the idea that CRY and dopamine are required for responses to sensory stimulation at night, we assayed such responses in flies mutant for CRY or dopamine. We examined sensitivity to mechanical or light stimuli during the middle of the night in wild-type Iso31, crynull (cry 02 ), cry b , a temperature-sensitive allele of ple over its deficiency [ple ts1 /Df (3L) vn 65c ] (low dopamine), Clk Jrk (increased TH and CRY), and fmn (increased dopamine and CRY) flies. Specifically, we delivered a mechanical jolt or a brief light pulse at ZT20 for four consecutive nights to mutant and control flies housed within an activity monitor (see the Materials and Methods for details; Table 1 ; Supplemental Fig. 7A,B) . Each fly's response was calculated by determining whether it showed significantly increased activity in the 30 min following the stimulus as compared with the prior 30 min. We found that >80% of wild-type flies showed a positive response and ;60%-65% of Clk Jrk and ;55%-60% of fmn flies showed a positive response. We believe that the slightly lower numbers for Clk Jrk and fmn reflect the very high basal activity in these flies, which sometimes made it difficult to detect a significant increase over baseline. Importantly, despite the fact that the ple ts1 / Df combination reduces but does not eliminate dopamine, only 31% and 21% of these mutants showed responses to light and mechanical stimuli, respectively. The magnitude of the response was also reduced (Supplemental Fig. 7A,B) . The response was intact in cry b flies, suggesting that the remaining CRY in these flies, which cannot mediate circadian responses to light, is sufficient for this response. However, only 22% and 7% of cry 02 flies showed a response to light and mechanical stimuli, respectively (Table 1) . In other experiments, we assayed responses of these mutants to sensory stimulation during the subjective day, and, as at night, the response of cry 02 flies was reduced (data not shown). Based on these data, we propose that dopamine and CRY are required for acute arousal in response to sensory stimuli. Elevated signaling through these molecules results in nocturnal behavior Jrk background during light (ZT08) and dark (ZT20) phases of an LD cycle. Note that CRY levels are significantly reduced during the dark phase of the LD in the TH-GAL4>UAS-Tnt; Clk Jrk flies as compared with Clk Jrk mutants that do not express UAS-Tnt (cf. lanes 3 and 5). The quantification on the right depicts the average of three independent experiments. Other details are similar to those in Figures 1 and 3. (B) Increasing dopamine promotes nighttime activity in wild-type flies. An artificial UAS-NachBac transgene was overexpressed in dopaminergic neurons of wild-type flies using the TH-GAL4 driver. This manipulation increased nighttime activity as compared with the TH-GAL4 driver and UAS-NachBac alone control lines. (Top panel) The average activity pattern of the indicated genotypes in LD cycles. Numbers of flies are as follows: TH-GAL4 control (n = 18), UAS-Nachbac control (n = 16), and TH-GAL4>UAS-NachBac (n = 20) in a wild-type background. (Bottom panel) Diurnal/nocturnal indices of flies for the genotypes indicated. The records are based on activity data from four consecutive 24-h periods. Other details are similar to those in Figures 1-3 . Asterisk symbols above bars denote significant differences between genotypes. (*) P < 0.05; (**) P < 0.01. Error bars indicate the SEM. Flies that were subjected to either a mechanical jolt or light pulse at ZT20 are shown for the following genotypes: wild-type Iso31, a temperature-sensitive allele of ple over its deficiency (ple because they are normally higher at night (see the Discussion).
Discussion
We report here mechanistic insights into the switch from diurnal to nocturnal behavior in Clk mutants. In dissecting this mechanism, we also uncovered a novel role for dopamine and CRY in promoting arousal at night. We show that nocturnal behavior of Clk mutants arises, in large part, from increased dopamine signaling produced by loss of Clk regulation of TH. The increased dopamine acts through CRY in the l-LN v s to drive high activity at night (Fig. 7) . This effect likely also accounts for the overall increased wake phenotype of Clk Jrk mutants reported previously (Hendricks et al. 2003) . We note, however, that increased wakefulness/decreased sleep is not always associated with nighttime preference for activity because sleepless (sss) mutants, which have a very dramatic reduction in sleep, are not nocturnal (Koh et al. 2008 ; data not shown). The nocturnal preference is specific to high dopamine because of a function of this neurotransmitter at night.
Previous studies have suggested an interaction between light and CLK, seen as increased activity of Clk Jrk mutant flies following lights-off or in the dark (Allada et al. 1998 (Allada et al. , 2003 Kim et al. 2002; Lu et al. 2008) . Overexpression of CLK modulates direct effects of light on activity levels and was proposed to influence visual phototransduction pathways (Kim et al. 2002) , which are required for such effects. Thus, the light-induced startle response in Drosophila is diminished or eliminated in the absence of visual and extraocular photoreception (Helfrich-Forster et al. 2001) . In fact, visual mutants also show a tendency to be active at night, and we found that Clk and the visual mutants act synergistically to promote nocturnal activity (data not shown). We believe that effects of Clk and phototransduction pathways converge at the level of dopamine signaling. Light up-regulates inhibitory dopamine receptors (Shang et al. 2011) , and, as shown here, Clk down-regulates dopamine synthesis. Expression of TH cycles in wild-type flies but is constantly high in Clk mutants, indicating that Clk is required for the daily trough in expression. Given that CLK is a transcriptional activator, its effect on TH is likely indirect. This is also supported by the phase of TH expression, which is opposite that of direct CLK targets. TH mRNA levels were also found to be high in a microarray analysis of Clk Jrk heads (McDonald and Rosbash 2001) and, interestingly, are also elevated in mammalian Clock mutants (McClung et al. 2005) . Importantly, blocking dopamine signaling, either pharmacologically or genetically, suppresses nocturnal behavior of Clk Jrk mutants. In addition, fmn mutants have increased nighttime activity. They are not as nocturnal as Clk Jrk flies, perhaps because the distribution of the dopamine transporter is limited (Porzgen et al. 2001) ; thus, most of the increased dopamine in fmn may not be in the vicinity of l-LN v s.
We show that the nocturnal behavior of Clk Jrk mutants is also suppressed by mutations in cry. To identify the cells required for the effect of CRY, we overexpressed CRY in the Clk Jrk ,cry b and Clk
Jrk
,cry 02 double-mutant genetic backgrounds using various drivers for clock neurons-tim27-GAL4, Pdf-GAL4, per 1b -GAL4 and c929-GAL4-and in eyes using the gmr-GAL4 driver. Overexpression of CRY in Clk Jrk ,cry b and Clk Jrk ,cry 02 flies, particularly in l-LN v s using the c929 and per 1b -GAL4 drivers, shifted the behavior of these flies toward a nocturnal preference. We were unable to phenocopy the Clk Jrk nocturnal behavior by elevating CRY levels in a wild-type background, although such manipulations increase circadian sensitivity to dim light pulses . CRY is necessary but not sufficient for nocturnal behavior. On the other hand, high dopamine appears to be sufficient, leading us to speculate that CRY requires input from dopamine for this phenotype (discussed below).
It is clear that the l-LN v s have a prominent role in the presence of LD cycles, although perhaps not as much in DD. They are similar to s-LN v s in expressing the neuropeptide PDF; however, they show a number of significant differences. In LD, l-LN v s display robust oscillations of clock molecules. In fact, molecular oscillations in these neurons are phase-advanced relative to the rest of the clock network (Shafer et al. 2002; Dissel et al. 2004 ), but in DD, cycling in the l-LN v s dampens rapidly (Yang and Jrk mutants, dopamine signaling is elevated (shown as increased extracellular dopamine), which acts through CRY to drive activity at night. As mentioned in the text, CRY may also be regulated by CLK at the transcriptional level through vrille.
Sehgal 2001; Shafer et al. 2002) . Oscillations are restored after a few cycles in DD, probably because of synchronization from other clock neurons within the clock network (Peng et al. 2003) . The major role of l-LN v s is in light-induced arousal, presumably through photic regulation of their electrical activity (Shang et al. 2008; Fogle et al. 2011) . Photic input to l-LN v s is thought to consist of a direct projection from the Hofbauer-Buchner extraretinal eyelet as well as input from the optic lobes (Helfrich-Forster 2002) . It is likely that these inputs from the visual system transmit arousal-promoting stimuli to the l-LN v s, although this has not been directly demonstrated. Our data indicate that the arousalpromoting effect of light on l-LN v s requires downregulation of dopamine signaling. This down-regulation is achieved through light induction of inhibitory dopamine receptors (Shang et al. 2011 ) and CLK regulation of TH.
Both dopamine and CRY are required for acute arousal at night. An arousal-promoting role for dopamine is supported by earlier studies. The fmn mutants were shown to exhibit a decreased arousal threshold (Kume et al. 2005) , whereas the ple mutants exhibit an increased arousal threshold (Riemensperger et al. 2011) . We show here that this effect on arousal reflects a novel role for dopamine in sensory responses at night. CRY has not been implicated in arousal, although it promotes neural activity in a lightdependent manner. As in the case of the neural activity assay (Fogle et al. 2011) , we found that arousal in response to sensory stimuli is reduced but not eliminated by the cry b mutant, indicating that the mechanism is distinct from the circadian response that is eliminated by cry b (Stanewsky et al. 1998 ). Both neural activity and behavioral arousal responses are eliminated by the cry 0 mutant (Fogle et al. 2011; present study) , suggesting that the neural response underlies the behavioral effect. We propose that CRY is required at multiple levels for acute responses to sensory stimuli. In the case of circadian photoreception, it is absolutely required for phase-shifting in response to pulses of light, although not for entrainment to LD cycles (Stanewsky et al. 1998; Helfrich-Forster 2002) . In the case of responses to sensory stimuli, again it is required for the startle response. Any effects of CRY on light-induced activity (physiological or behavioral) are likely to be acute, since CRY gets degraded with increased light treatment (Lin et al. 2001 ). Interestingly, in two different species of Bactrocera, cry mRNA levels are positively correlated with the timing of mating , which is also indicative of a regulated response required for a specific purpose. A chronic effect is seen only in the case of Drosophila Clk mutants, where levels of CRY are considerably higher than normal, and dopamine signaling is also elevated. We hypothesize that CRY only promotes nocturnal activity in flies with chronically elevated dopamine signaling because dopamine acts as a trigger to activate CRY. However, this activation may be different from activation in a circadian context, given that different mechanisms appear to underlie the circadian and arousalpromoting roles of CRY. Dopamine-and CRY-mediated locomotor activity is restricted largely to the night because of light-induced CRY degradation (Lin et al. 2001 ) and light-induced inhibition of dopamine signaling (Shang et al. 2011) .
At night, animals sleep, and the arousal threshold is increased. However, they still need to be able to respond in case of sudden events. We speculate that dopamine and CRY are essential for this. In the case of CRY, it may arouse the animal and also reset the clock. For instance, the immediate response of an animal to a pulse of light at night is to wake up, which may be driven by the arousalpromoting role of CRY. In addition, the circadian clock must be reset, which requires the circadian function of CRY. Whether or not these roles of CRY are conserved, we speculate that dopamine functions similarly in mammals. Interestingly, melanopsin, which is the circadian photoreceptor in mammals (analogous to CRY in flies), is regulated by dopamine in intrinsically photosensitive retinal ganglion cells (ipRGCs) (Sakamoto et al. 2005) . Like CRY, melanopsin is also required for acute behavioral responses to light, specifically for sleep induction in nocturnal animals during the day (Lupi et al. 2008 ). These ipRGCs have been proposed as functionally similar to l-LN v s (Im and Taghert 2011) , so a conserved function for the relevant molecules is intriguing. Finally, we note that elevated dopamine has been linked to increased nighttime activity in humans, which are, of course, diurnal like Drosophila. People with Sundown syndrome or nocturnal delirium show increased agitation and sleep disturbances in the early evening, which can be treated with anti-psychotic medications that target dopamine signaling (Falsetti 2000) .
Materials and methods
Drosophila stocks
Wild-type Iso31 flies were maintained at 18°C or 25°C on a 12-h light:dark cycle in bottles containing an agar, sucrose, water, and dried yeast medium. Clk
Jrk mutants (Allada et al. 1998) and Clk deficiency Df(3L)RM5-2 flies were obtained from the Bloomington Drosophila Stock Center at Indiana University and outcrossed to an isogenic w 1118 background (Iso31) for seven generations. The molecular lesion was followed by genotyping. Most of the other fly stocks and GAL4 drivers for clock neurons are used routinely in the laboratory. gmr-GAL4, long gmr-GAL4, and gmr-GeneSwitch (Roman and Davis 2002) flies were obtained from the Bloomington Drosophila Stock Center. These lines were outcrossed into a common Iso31 isogenic background. The cry 02 mutants were provided by Patrick Emery (University of Massachusetts Medical School). The dopamine transporter mutant fmn was provided by Rob Jackson (Tufts University). The temperaturesensitive mutant ple ts1 (EMS-generated) was obtained from Ralph Hillman (Temple University) and maintained as a hemizygote over a small deficiency for the ple locus Df(3L)vn 65c (Pendleton et al. 2002) .
Behavioral assays and statistical analyses
Three-day-old to 5-d-old adult male flies were loaded into locomotor assay tubes containing 5% sucrose and 2% agarose and entrained to a 12-h:12-h LD schedule for 4-5 d at 25°C. Activity was collected in LD conditions using the Drosophila Activity
